Tumor necrosis factor (TNF) is associated with the pathophysiology of various neurological disorders, including multiple sclerosis. It exists as a transmembrane form tmTNF, signaling via TNF receptor 2 (TNFR2) and TNFR1, and a soluble form, solTNF, signaling via TNFR1. Multiple sclerosis is associated with the detrimental effects of solTNF acting through TNFR1, while tmTNF promotes repair and remyelination. Here we demonstrate that oligodendroglial TNFR2 is a key mediator of tmTNF-dependent protection in experimental autoimmune encephalomyelitis (EAE). CNP-cre:TNFR2 fl/fl mice with TNFR2 ablation in oligodendrocytes show exacerbation of the disease with increased axon and myelin pathology, reduced remyelination, and increased loss of oligodendrocyte precursor cells and mature oligodendrocytes. The clinical course of EAE is not improved by the solTNF inhibitor XPro1595 in CNP-cre:TNFR2 fl/fl mice, indicating that for tmTNF to promote recovery TNFR2 in oligodendrocytes is required. We show that TNFR2 drives differentiation of oligodendrocyte precursor cells, but not proliferation or survival. TNFR2 ablation leads to dysregulated expression of microRNAs, among which are regulators of oligodendrocyte differentiation and inflammation, including miR-7a. Our data provide the first direct in vivo evidence that TNFR2 in oligodendrocytes is important for oligodendrocyte differentiation, thereby sustaining tmTNF-dependent repair in neuroimmune disease. Our studies identify TNFR2 in the CNS as a molecular target for the development of remyelinating agents, addressing the most pressing need in multiple sclerosis therapy nowadays.
Introduction
Multiple sclerosis (MS) is the most common neurological disease in young adults. Despite the general consensus on the autoimmune component of MS, its etiology remains unknown. Current treatments can slow disease progression, reduce relapses, and improve quality of life, but are not effective in halting or reverting myelin and axon damage, which are causes of permanent disability. To address the need for long-term reparative therapies, new pharmacological targets must be identified by elucidating the mechanisms of the underlying neurodegenerative process.
Tumor necrosis factor (TNF) is an immunomodulatory cytokine regulating physiological and pathological processes. TNF exists in two forms, transmembrane TNF (tmTNF) and soluble TNF (solTNF). solTNF derives from the cleavage of tmTNF by the TNF-␣ converting enzyme (Kriegler et al., 1988) . The cellular functions of TNF are mediated by TNF receptor 1 (TNFR1) and TNFR2, which differ in expression, ligand affinity, structure, and downstream signaling pathways. solTNF and tmTNF can bind to both receptors but with different affinities. As a result, solTNF signals only through TNFR1 mediating primarily inflammation and apoptosis (Holtmann and Neurath, 2004) , while tmTNF signals through both TNFR1 and TNFR2, promoting cell survival, resolution of inflammation, immunity and myelination (Grell et al., 1995; Probert, 2015) .
TNF has been linked to MS pathophysiology (McCoy and Tansey, 2008) . MS patients have high concentrations of solTNF in serum and CSF (Maimone et al., 1991; Sharief and Hentges, 1991) , and marked TNF immunoreactivity within active lesions (Hofman et al., 1989; Selmaj et al., 1991) . In experimental models of MS, TNF overexpression causes demyelination (Probert et al., 1995; Akassoglou et al., 1998; Dal Canto et al., 1999) , while blockade improves the outcome (Ruddle et al., 1990; Baker et al., 1994) . Nevertheless, the only MS clinical trial with a nonselective TNF inhibitor, Lenercept, had to be terminated due to occurrences of demyelination (Lenercept Multiple Sclerosis Study Group and University of British Columbia MS/ MRI Analysis Group, 1999) . Subsequent studies in knock-out (KO) mice uncovered that the two forms of TNF and their receptors have opposing biologic effects. Ablation of TNF or TNFR1/TNFR2 combined did not protect from experimental autoimmune encephalomyelitis (EAE), rather it caused exacerbation of chronic disease (Körner et al., 1997; Liu et al., 1998; Eugster et al., 1999; Kassiotis et al., 1999; Suvannavejh et al., 2000) . TNFR1 ablation resulted in less severe EAE and better remyelination, while TNFR2 ablation caused worse EAE and prevented remyelination (Liu et al., 1998; Eugster et al., 1999; Suvannavejh et al., 2000; Arnett et al., 2001) . Furthermore, mice only expressing tmTNF showed suppression of EAE (Alexopoulou et al., 2006) . Based on these studies, the understanding of TNF involvement in MS has evolved, and a dichotomy has emerged between solTNF and tmTNF: MS and EAE are associated with the detrimental effects of solTNF via TNFR1, while tmTNF is important for repair and remyelination via TNFR2. In our own studies, we demonstrated that selective blockade of solTNF with XPro1595 improved EAE outcome, while the inhibition of both TNF forms with etanercept exacerbated the disease (Brambilla et al., 2011) . The therapeutic effect of XPro1595 was associated with axon preservation, improved myelin compaction, and increased remyelination, suggesting that tmTNF might have protective functions by acting directly on cells of the oligodendrocyte lineage, which we showed express high levels of the tmTNF-responsive receptor TNFR2. To address this hypothesis, we generated oligodendrocyte-specific TNFR2 conditional KO mice (CNP-cre:TNFR2 fl/fl mice). CNPcre:TNFR2 fl/fl mice exhibit more severe EAE, which is not improved by XPro1595 treatment, indicating that oligodendroglial TNFR2 is required for tmTNF beneficial functions. We show that, without TNFR2, oligodendrocyte differentiation is impaired and microRNAs (miRNAs) known to be crucial signals in regulating this process (miR-219, miR-138, miR-338, miR-7a) are dysregulated. Our study demonstrates that TNF signaling via TNFR2 has important repair functions in demyelinating disease by directly promoting oligodendrocyte differentiation. This has significant implications, particularly for the chronic progressive form of MS, for which no treatments are available. Enhancing TNFR2 signaling in the CNS may provide a viable therapeutic option to boost remyelination and achieve neuroprotection, halting, or even reverting, the progression of the disease.
Materials and Methods

Mice
Adult, age-matched (2-4 months of age) female and male mice were used in this study: males for all behavioral assessments in naive conditions, females for all EAE experiments, as they develop a more reproducible disease clinical course. All mouse lines were on a C57BL/6 background, since this genetic background develops a chronic nonrelapsing form of disease when used in myelin oligodendrocyte glycoprotein 35-55 peptide )-induced EAE (Rangachari and Kuchroo, 2013 WT alleles were genotyped with the following primers: forward, 5Ј TTGGGTCTAGAGGTGGCGCAGC 3Ј; and reverse, 5Ј GGCCAG GAAGTGGGTTACTTTAGGGC 3Ј. TNFR2
Ϫ/Ϫ (catalog #002620), WT C57BL/6, and Rosa26-stop-EYFP mice (catalog #006148) were obtained from The Jackson Laboratory. Colonies were housed in the Animal Core Facility of The Miami Project to Cure Paralysis, in a virus/antigen-free vivarium with a 12 h light/dark cycle, controlled temperature and humidity, and were provided with water and food ad libitum. Mice were group caged (maximum five per cage) throughout the duration of the experimentations. Experiments were performed according to protocols and guidelines approved by the Institutional Animal Care and Use Committee of the University of Miami, and all efforts were made to minimize pain and distress.
Behavioral assessments
Open field test. The open field test was performed on adult male mice in an odor-free, nontransparent square arena, as previously described (Madsen et al., 2015) . The arena was divided into three zones (wall, intermediate, and center) and mouse behavior was recorded over a 5 min period using a high-resolution video camera. The total number of lines crossed; the time spent in each zone; and stereotypical behaviors, such as grooming and rearing, were analyzed and expressed as the number of events. Mice that did not enter all three zones or cross a minimum of 50 lines during the 5 min trial were excluded.
Rotarod test. Motor coordination and balance were tested on the accelerating rotarod cylinder (Rotamex 4/8, Columbus Instruments) in adult male mice, as previously described (Madsen et al., 2015) . The test consisted of a 5 d pretraining (days 1-5) followed by the actual test (day 7). The cylinder rotated at increasing speed and constant acceleration (from 10 to 60 rpm over a 10 min period). The total time spent on the rod before falling was recorded, and nonwalking behaviors, such as passive clinging to the rod, were manually corrected for. Each trial consisted of an average of 4 sessions. After each session, the mice were transferred back to their cage and allowed to rest for 20 min to avoid exhaustion and minimize stress. Mice that could not maintain their balance on the rod for a minimum of 60 s during pretraining were excluded.
Induction of EAE
Active EAE was induced in 2-month-old female mice with MOG (BioSynthesis), as previously described (Brambilla et al., 2014) . In select experiments, mice were treated with XPro1595 (10 mg/kg, s.c., every 3 d; Xencor) or vehicle (0.9% saline). Behavioral assessments and drug administration were conducted by a blinded investigator, as previously described (Brambilla et al., 2014) .
Immunohistochemistry
Mice were perfused with 0.1 M PBS followed by 4% paraformaldehyde (PFA) in PBS. Spinal cord and brain were dissected out and postfixed for 2 h in 4% PFA. Tissues were cryoprotected in PBS plus 20% sucrose and cut with a cryostat into 30-m-thick serial sections. After blocking for 1 h with 5% normal goat serum in PBS plus 0.4% Triton-X, sections were incubated overnight at 4°C with primary antibodies against APC (CC1 clone; 1:500; catalog #OP80, Millipore), NG2 (1:200; catalog #AB5320, Millipore), PDGF receptor ␣ (PDGFR␣; 1:200; catalog #558774, BD Bioscience), Olig2 (1:500; #AB9610, Millipore), GFP (1:1000; catalog #13970, Abcam), TNFR2 (1:50; catalog #SC-8041 and #SC-7862, Santa Cruz Biotechnology). Immunoreactivity was visualized with secondary species-specific fluorescent antibodies (1:750; Alexa Fluor-488, Alexa Fluor-594, and Alexa Fluor-647, Invitrogen). Sections were coverslipped with Vectashield mounting medium with DAPI (Vector Laboratories), and imaged with an Olympus FluoView 1000 confocal microscope or with a Zeiss Axiovert A1 fluorescence microscope.
Stereological quantifications
Five 30-m-thick serial sections taken at 300 m intervals were analyzed at a 63ϫ magnification with a Zeiss Axiovert A1 fluorescence microscope by an investigator blinded to the genotype. The number of positive cells per cubic millimeter of tissue was estimated with Stereo Investigator software (MBF Bioscience) using the Optical Fractionator for unbiased counting and systematic random sampling.
Toluidine blue analysis and electron microscopy
PFA-fixed 1 mm segments of the thoracic spinal cord were postfixed overnight in 2% glutaraldehyde plus 100 mM sucrose in 0.15 M phosphate buffer, before incubation with 2% OsO4 for 1 h. Following dehydration in graded ethanol solutions, tissues were embedded in epoxy resin (Embed, Electron Microscopy Sciences). Semithin sections (1 m thick) were obtained with a Leica Ultracut E microtome and stained with 1% toluidine blue solution. Samples were then examined by light microscopy. The number of toluidine blue-stained myelinated or degenerated axons was estimated using Stereo Investigator software (MBF Bioscience). From the same specimens, ultrathin sections (60 -90 nm thick) were cut for electron microscopy (EM) and imaged with a Philips CM-10 transmission electron microscope.
Assessment of g-ratio and remyelination
EM micrographs of the spinal cord white matter were taken at a 5.2 thousand magnification (Brambilla et al., 2011) . A grid was placed over the section, and pictures were taken randomly from each quadrant. One picture per quadrant was evaluated for a minimum of 25 images/mouse. Fiber and axon diameter of each axon were measured with ImageJ. Axons identified as "remyelinating" based on morphology (thin myelin, oligodendrocyte cytoplasm between myelin and axolemma) were excluded from the g-ratio analysis and counted as "remyelinating axons." Quantifications were conducted by a blinded investigator.
Cell isolation for flow cytometry
Following transcardial perfusion with PBS, spinal cords and spleens were harvested and placed in cold HBSS. Samples were mechanically dissociated into single-cell suspensions through a 70 m cell strainer and washed in HBSS. For leukocyte isolation from the spleen, suspensions were spun at 400 ϫ g for 5 min, supernatants were removed, and red blood cells were lysed in 2 ml of lysis buffer (eBioscience) according to manufacturer instructions. Cells were then resuspended in flow cytometry buffer (FCB; eBioscience) and stained as described below. Leukocytes infiltrating into the spinal cord were isolated by negative selection of single-cell spinal cord suspensions with Myelin Removal Beads II in combination with LS columns, according to the manufacturer protocols (Miltenyi Biotec). Similar to the spleen cells, spinal cord cells were resuspended in FCB and stained as described below. The number of viable cells was determined by Trypan blue exclusion assay using a Bio-Rad TC20 automated cell counter. 
Immunolabeling and flow cytometric analysis
RNA isolation and real-time PCR
Total RNA was extracted with TRIzol (Invitrogen) and reversed transcribed as previously described (Brambilla et al., 2011) . Real-time PCR was performed in the Rotor-Gene 3000 Real Time Cycler (Corbett Life Science) as described previously (Brambilla et al., 2011) . Primers for gene amplification are listed in Table 1 . For miRNA amplification, following TRIzol extraction, total RNA was purified with the miRNeasy Micro Kit (Qiagen), then reverse transcribed with the Universal cDNA Synthesis Kit II (Exiqon). cDNA diluted 1:10 to 1:100 (depending on the abundance of the miRNA of interest) was amplified with the Power SYBR Green PCR Master Mix (Invitrogen) with primers designed for U6 (reference miRNA for normalization), miR-7a, and miR-138 (Exiqon), according to manufacturer recommendations. Quantitative PCR was performed on an ABI 7300 Real-Time PCR System (ThermoFisher Scientific). Relative miRNA expression was calculated using the ⌬⌬Ct method (Livak and Schmittgen, 2001 ) and expressed as a percentage of WT oligodendrocyte precursor cell (OPC) miRNA expression.
Primary oligodendrocyte cultures
Cortices from postnatal day 4 -6 pups were isolated and dissociated into single cell suspensions with Papain Neural Tissue Dissociation Kit (Miltenyi Biotec). PDGFR␣ ϩ OPCs were isolated by MACS separation using LS columns (Miltenyi Biotec) after incubation with PDGFR␣ magnetic microbeads. PDGFR␣ ϩ cells were cultured on poly-D-lysine/ laminin-coated 24-well plates (40,000 cells/well) in OPC medium consisting of DMEM/F12/HEPES supplemented with 1% N2, 2% B27, 0.01% BSA, 7.5% NaHCO 3 , 1% penicillin/streptomycin, 10 ng/ml PDGF-AA, and 10 ng/ml FGF2. After 2 d in culture 100% of DAPI ϩ cells were positive for PDGFR␣ and 97.5% positive for Olig2. No cells stained for NeuN (neurons), GFAP (astrocytes), Iba1 (microglia), or PDGFR␤ (fibroblasts). Cells were maintained in OPC medium for 4 d. At day 4, cells were either fixed/collected or switched to oligodendrocyte (OL) differentiation medium consisting of DMEM/F12/HEPES supplemented with 1% N2, 2% B27, 0.01% BSA, 7.5% NaHCO 3 , 0.5% gentamycin, 10 ng/ml CNTF, and 40 ng/ml T3. Cells were differentiated to premyelinating OLs for 4 d then fixed or collected for RNA extraction. OLs were identified by O1 labeling of live cells with hybridoma culture supernatant or MPB staining (rat, 1:500; catalog #MAB386, Millipore). Immunoreactivity was visualized with secondary species-specific fluorescent antibodies (1:750; Alexa Fluor-594 and Alexa Fluor-488, Invitrogen).
Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling staining
Apoptotic cell death was detected with the terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) assay (Millipore) according to manufacturer protocols. Biotin-labeled fragmented DNA was visualized with strepdavidin-conjugated Alexa Fluor-647 (1:2000; catalog #S-32357, Invitrogen). OPCs and OLs were identified by double labeling with anti-PDGFR␣ (rabbit; 1:200; catalog #SC-338, Santa Cruz Biotechnology) and anti-APC (CC1 clone; mouse; catalog #OP80, 1:500, Millipore), respectively, followed by Alexa Fluor-488 goat anti-mouse secondary antibody (1:750; catalog #A11001, Invitrogen). For each well, five images were acquired at a 20ϫ magnification, and PDGFR␣ ϩ TUNEL ϩ and CC1 ϩ TUNEL ϩ cells were counted blindly.
Oligodendrocyte proliferation and differentiation by 5-ethynyl-2-deoxyuridine incorporation
OPCs were incubated with 10 M 5-ethynyl-2-deoxyuridine (EdU) for 8 h at 37°C, either fixed with 4% PFA for 15 min at room temperature or switched to OL medium, and differentiated for 4 d. EdU incorporation was detected with the Click-iT EdU Alexa Fluor-594 Imaging Kit (Invitrogen) according to manufacturer protocols. OPC proliferation was assessed as the ratio of PDGFR␣ ϩ EdU ϩ cells to total PDGFR␣ ϩ cells. OL differentiation was assessed as the ratio of CC1
ϩ EdU ϩ cells to total CC1 ϩ cells. Each condition was run in four replicates, and for each replicate the cell number was determined as the average of five images randomly collected. All images were recorded by a blinded investigator. Data are the average Ϯ SEM of three independent experiments.
MicroRNA expression
Spinal cords were harvested in cold HBSS and dissociated with Papain Neural Dissociation Kit (Miltenyi Biotec). Single-cell suspensions were cleared from myelin by incubation with Myelin Removal Beads II followed by negative selection with LS columns (Miltenyi Biotec). To select for cells of the oligodendrocyte lineage, suspensions were incubated with 10 l of anti-PDGFR␣ plus 10 l of anti-O4 magnetic microbeads (Miltenyi Biotec) for 15 min at 4°C, then positively selected with LS columns (Miltenyi Biotec). Cell viability and oligodendrocyte enrichment were verified by flow cytometry using APC-anti-O4 (1:100; catalog #130-095-891, Miltenyi Biotec) and PE-anti-PDGFR␣ (1:100; catalog #SC-338PE, Santa Cruz Biotechnology) antibodies, and the fraction of PDGFR␣ ϩ and O4 ϩ cells combined was assessed to be consistently Ͼ40% of the total number of viable cells. Total RNA was isolated with a miRNeasy Kit (Qiagen), and microRNA expression was assayed with the microRNA Ready-to-Use PCR Array (Mouse&Rat version 2.R; Exiqon). Arrays were run on a LightCycler 480 real-time PCR machine (Roche) at the Oncogenomics Core Facility of the University of Miami. Data analysis was performed using the GenEx software (Multid Analyses AB). For each comparison, output files from the LightCycler were uploaded to the software and an interplate calibration was performed. Normalization was performed using the global mean method (Mestdagh et al., 2009). Statistical significance was assessed by an unpaired two-tailed t test.
In situ hybridization
Thirty-micrometer-thick isopropanol-fixed spinal cord sections were subjected to standard in situ hybridization, as previously described, using an alkaline phosphatase-labeled LNA probe recognizing mouse miR-7 (miR-7 probe: ACAACAAAATCACTAGTCTTCCA; DNA Technology A/S; Hansen et al., 2013) . Sections were rinsed 15 min in TBS plus 1% Triton X-100 and incubated with anti-PDGFR␣ antibody (1:250; catalog #SC-338, Santa Cruz Biotechnology) in TBS plus 10% bovine serum overnight, then incubated with Alexa Fluor-546 goat anti-rabbit IgG (1:200; Invitrogen) for 1 h. Sections were mounted with Aquatex (EMD Millipore). Expression of miR-7 was visualized with bright-field imaging. Colocalization with PDGFR␣ immunostaining was determined after conversion of the signal to green pseudocolor using Adobe Photoshop software (Lambertsen et al., 2009 ). The number of miR-7a ϩ cells was quantified in the intact white matter on spinal cord serial sections at 300 m intervals using ImageJ by an investigator blinded to the genotype. Four to eight sections/mouse were analyzed, and numbers were normalized to the area of intact white matter.
Statistical analysis
Statistical analysis of the clinical course of EAE was performed with the Mann-Whitney U test. Histological data, flow cytometry assessments, and real-time PCR were analyzed by either one-way or two-way ANOVA followed by Bonferroni's or Tukey's test for multiple comparisons. In the case of single comparisons, the Student's t test was applied. The g-ratio data were analyzed by linear regression, and slope and elevation parameters were used to compare groups. p values Յ0.05 were considered to be statistically significant. Data were expressed as the average of multiple determinations Ϯ SEM. Statistical analyses were conducted with GraphPad Prism software. (Fig.  1A,B) . Recombination efficiency was evaluated by crossing CNPcre ϩ/Ϫ mice with Rosa26-stop-EYFP reporter mice and determined to be ϳ60% in OPCs and close to 100% in OLs (Fig. 1C) , indicating that CNP-cre mice are suitable for TNFR2 ablation throughout the lineage. TNFR2 expression in NG2 ϩ OPCs and O4 ϩ OLs was found to be significantly reduced in CNP-cre:TNFR2 fl/fl mice by ϳ25% and 40%, respectively (Fig. 1D) . Stereological counting of PDGFR␣ ϩ
Results
Generation
TNFR2
ϩ OPCs and CC1 ϩ TNFR2 ϩ OLs yielded similar results (Fig. 1E,F) . In addition, TNFR2 gene expression in the spinal cord was downregulated compared with TNFR2 fl/fl , WT, and CNPcre ϩ/Ϫ mice (Fig. 1G) . Importantly, oligodendroglial TNFR2 ablation did not result in changes in the number of NG2 ϩ PDGFR␣ ϩ OPCs (Fig. 1H ) or CC1
ϩ OLs (Fig. 1I,J) , suggesting that TNFR2 is not implicated in the regulation of oligodendrocyte survival and/or maturation during development. To further investigate whether TNFR2 ablation might interfere with normal oligodendrocyte function, we quantified the expression of genes involved in inflammation and myelination in the spinal cord and found no difference between CNP-cre:TNFR2 fl/fl mice and any of the control groups ( Fig. 2A) . Finally, we assessed spontaneous activity and locomotor function with the rotarod test (Fig. 2B,C) and open field test (Fig. 2D-I) , where CNP-cre:TNFR2 fl/fl mice performed equally to controls. Typical and anxiety-related behaviors were not altered as well (Fig. 2E-I) . Collectively, these data indicate that CNP-cre:TNFR2 fl/fl mice are a suitable model to study oligodendroglial TNFR2 function in vivo.
Ablation of oligodendroglial TNFR2 results in EAE exacerbation
To assess whether oligodendroglial TNFR2 mediates tmTNF protective function in neuroimmune disease, we induced EAE with MOG 35-55 peptide (Brambilla et al., 2014). CNP-cre:
TNFR2
fl/fl mice showed a significantly worse clinical outcome than TNFR2 fl/fl controls, with earlier onset and exacerbated chronic disease (Fig. 3A, Table 2 ). The administration of the solTNF inhibitor XPro1595, which improved EAE in TNFR2 fl/fl controls in line with our previous studies (Brambilla et al., 2011), did not show any benefit in CNP-cre:TNFR2 fl/fl mice, confirming that the therapeutic outcome of solTNF inhibition is dependent on a functional TNFR2 in oligodendrocytes. Immune cell infiltration into the spinal cord mirrored the clinical course of the disease. At peak EAE (19 dpi), CNP-cre:TNFR2 fl/fl mice had a significantly higher percentage of infiltrating CD4 ϩ and CD8 ϩ T cells, as well as a higher percentage of regulatory T cells (Fig. 3B) .
By 25 dpi, when disease scores were almost overlapping, infiltrating cells were comparable between genotypes (Fig. 3C) . In the spleen, no differences were found in naive conditions or after EAE (Fig. 3D-F ) . The acute phase of EAE was characterized by the upregulation of proinflammatory mediators like TNF, IL-1␤, IFN␥, and C-X-C ligand-10 (CXCL10; Fig. 3G ), but no differences were found between CNP-cre:TNFR2
fl/fl and TNFR2 fl/fl mice, likely due to the similar EAE severity at this stage of disease. Interestingly, we found changes in the expression of TNF receptors. TNFR2 was upregulated in TNFR2 fl/fl mice after EAE but not in CNP-cre:TNFR2 fl/fl mice, which, as anticipated, showed significant reduction of TNFR2 in naive as well as disease conditions. TNFR1 was upregulated after EAE in both genotypes, but with a higher increment in CNP-cre:TNFR2 fl/fl mice. This could be due to the increased infiltration of peripheral immune cells, which are known to highly express TNFR1 (Vielhauer et al., 2005; Liu and Tang, 2014) .
Recent reports (Hagemeyer et al., 2012; Wieser et al., 2013 ) have shown that CNP-cre Ϫ/ϩ mice display white matter abnormalities and axonal degeneration following aging or mild CNS trauma. This is due to the CNPase loss of function resulting from CNP-cre Ϫ/ϩ mice having only one allele of the endogenous Cnp1 gene (Lappe-Siefke et al., 2003) , and this has highlighted the key role of CNPase in myelin stability. Therefore, to exclude that Cnp1 haploinsuffiency of the CNP-cre Ϫ/ϩ drivers could be responsible, at least in part, for the worsening of the clinical outcome in CNP-cre:TNFR2 fl/fl mice, we performed a control experiment to assess the clinical course of EAE in CNP-cre ϩ/Ϫ versus WT mice. CNP-cre ϩ/Ϫ mice developed EAE similar to controls (Fig. 3H ) and showed comparable axonal damage during chronic disease (Fig. 3I ). This indicates that CNPase loss of function is not a factor in EAE exacerbation in CNP-cre:TNFR2 fl/fl mice, which depends only upon TNFR2 ablation.
Ablation of oligodendroglial TNFR2 increases axonal loss after EAE
To assess whether worsening of the clinical outcome in CNP-cre:TNFR2 fl/fl mice could be associated with more severe axonal damage, we quantified the number of intact and degenerated axons in the spinal cord in naive conditions and chronic EAE (Fig. 4A) . No differences were found in naive mice, and with chronic EAE both groups displayed widespread axonal loss and accumulation of degenerated axons (Fig. 4A, black arrows) . This damage was further exacerbated in CNP-cre:TNFR2 fl/fl mice, who showed a significant reduction in myelinated axons (Fig. 4B ) and an increase in degenerated axons (Fig. 4C ). This suggests that oligodendroglial TNFR2 plays a neuroprotective function in pathological conditions.
Ablation of oligodendroglial TNFR2 increases myelin pathology and reduces remyelination after EAE
Next, we investigated whether the increased axonal damage in CNP-cre:TNFR2 fl/fl mice was associated with worse oligodendrocyte and myelin pathology. We found a significant reduction in the number of PDGFR␣ ϩ OPCs in CNP-cre:TNFR2 fl/fl mice after EAE (Fig. 4 D, 
E). CC1
ϩ OLs were also diminished compared with naive mice (Fig. 4 F, G) , but the loss was significantly higher in CNP-cre:TNFR2 fl/fl mice (Fig. 4G) , suggesting that oligodendroglial TNFR2 may play a role in the survival of existing OLs and/or differentiation of OPCs into new OLs.
Myelin integrity in the spinal cord white matter was examined by EM. Morphologically, naive mice did not show myelin abnormalities, but following EAE both genotypes displayed extensive damage, with unraveling of the myelin sheaths, loss of adaxonal contact, and complete demyelination in severe cases (Fig. 5A ). To measure myelin thickness, we assessed the g-ratio (axon diameter/fiber diameter) of individual axons. We plotted the g-ratio against the corresponding axon diameter and did not find any difference in naive conditions by linear regression analysis (line slope and elevation intercept on the y-axis were comparable; Fig.  5B ). However, following EAE, CNP-cre:TNFR2 fl/fl mice showed significantly and consistently lower g-ratios compared with TNFR2 fl/fl controls, shown by reduced elevation of the linear regression (CNP-cre:TNFR2 fl/fl ϭ 0.575 Ϯ 0.007 vs TNFR2 fl/fl ϭ 0.615 Ϯ 0.005; p Յ 0.0001, Student's t test) without change in slope (Fig. 5C ). This was evident also by grouping axons by diameter size, with the g-ratio significantly reduced after EAE in CNP-cre:TNFR2 fl/fl mice, except for axons of Ͼ2 m (Fig. 5D ). This indicates that CNP-cre:TNFR2 fl/fl mice have consistently wider myelin rings compared with controls. It is important to note that axons identified morphologically as undergoing remyelination (thin compact myelin, often with interposition of oligodendrocyte cytoplasm between axon and the myelin ring) were not included in the g-ratio analysis, but were counted separately for more accurate assessment of remyelination. Remyelinating axons (Fig. 5E) were reduced in CNP-cre:TNFR2 fl/fl mice compared with TNFR2 fl/fl controls (Fig. 5F ), suggesting that TNFR2 in oligodendrocytes plays a role, directly or indirectly, in sustaining the remyelination process.
TNFR2 regulates oligodendrocyte differentiation
To address whether oligodendroglial TNFR2 is involved in survival, proliferation, or differentiation of OPCs and OLs, we estab- Ϫ/ϩ mice (n ϭ 8/group). Curves were compared by one-way ANOVA, Mann-Whitney test, and no differences were observed. I, Stereological quantification of toluidine blue-stained myelinated and degenerated axons in semithin thoracic spinal cord sections at 50 dpi EAE (n ϭ 3). No differences were found (Student's t test). (Fig. 6B,D) , demonstrating that TNFR2 is not required for OPC or OL survival in vitro. Nevertheless, the total number of CC1 ϩ OLs was significantly reduced in TNFR2 Ϫ/Ϫ cells (Fig. 6C) , suggesting that TNFR2 could be modulating OPC proliferation, differentiation, or both. To assess proliferation, OPCs were incubated with EdU and fixed 8 h later. We found no difference between WT and TNFR2 Ϫ/Ϫ OPCs in the number of PDGFR␣ ϩ EdU ϩ actively proliferating cells (Fig. 6E) , and the ratios of PDGFR␣ ϩ EdU ϩ to total PDGFR␣ ϩ cells were similar (Fig. 6F) . To assess OPC differentiation, 8 h after the addition of EdU cells were switched to differentiation medium and fixed 4 d later. We counted CC1 ϩ EdU ϩ OLs and found that a reduced number of EdU-incorporating OPCs differentiated into OLs in TNFR2 Ϫ/Ϫ cultures compared with WT (Fig. 6E) . This was also shown by the lower ratio of CC1 ϩ EdU ϩ cells to PDGFR␣ ϩ EdU ϩ cells (Fig. 6G) , indicating that TNFR2 is important for OPC differentiation but not proliferation. The reduced differentiation capability of cells lacking TNFR2 was further demonstrated by immunocytochemistry in differentiated cultures (Fig.  6H) . WT cells showed highly differentiated flat morphology, with diffused O1 and MBP immunoreactivity. TNFR2
Ϫ/Ϫ cells appeared immature, with thin elongated processes, small cell body, and reduced MBP immunoreactivity. Impaired differentiation was also demonstrated by gene expression analysis (Fig. 6I) , with PDGFR␣ significantly higher in TNFR2 Ϫ/Ϫ OLs and not different from undifferentiated OPCs, MBP drastically reduced in TNFR2 Ϫ/Ϫ OLs, and notch1, which acts as a brake to OPC differentiation (Juryń czyk and Selmaj, 2010), elevated in TNFR2 Ϫ/Ϫ OPCs. Collectively, these data demonstrate that TNFR2 drives OPC differentiation but does not regulate OPC survival or proliferation. fl/fl to CNP-cre:TNFR2 fl/fl mice in naive conditions and 60 dpi EAE. Scale bar, 2 m. B, C, Representation of the g-ratio (axon diameter/fiber diameter) vs the corresponding axon diameter in naive conditions (B) and at 60 dpi EAE (C). D, Quantification of the g-ratios of myelinated fibers grouped by increasing axon diameter; n ϭ 4 -5/group. *p Յ 0.05, **p Յ 0.01, ***p Յ 0.001, one-way ANOVA, Tukey's test. E, Electron micrographs of remyelinating axons (black arrows) in the thoracic spinal cord of TNFR2 fl/fl mice at 60 dpi. Scale bar, 1 m. F, Quantification of remyelinating axons in naive conditions and at 60 dpi EAE; n ϭ 4 -5/group. *p Յ 0.05, Student's t test. 
Ablation of oligodendroglial TNFR2 dysregulates miRNA expression
To address the mechanisms of TNFR2-dependent regulation of OPC differentiation, we investigated changes in miRNA expression in the spinal cord of TNFR2 fl/fl and CNP-cre:TNFR2 fl/fl mice in naive and 25 dpi EAE conditions. Since miRNAs are known to regulate oligodendrocyte differentiation (Dugas et al., 2010; Zhao et al., 2010; , and can modulate or be modulated by TNF signaling (Suárez et al., 2010; Chen et al., 2014) , we quantified miRNA expression in oligodendrocyte-enriched spinal cord suspensions. In naive mice, we found differential expression of 29 miRNAs (Table 3) . Most notably, miR-7a, which has been implicated in arresting oligodendrocyte differentiation (Zhao et al., 2012) , was increased by 3.58-fold in CNP-cre:TNFR2 fl/fl mice compared with TNFR2 fl/fl mice. After EAE, we saw differential expression of 10 miRNAs in CNP-cre:TNFR2 fl/fl mice compared with TNFR2 fl/fl controls (Table 3) . Interestingly, inflammatory miR-326, reportedly associated with MS and EAE pathogenesis by promoting Th17 differentiation (Du et al., 2009; Honardoost et al., 2014) , was upregulated in CNP-cre:TNFR2 fl/fl mice. As anticipated, we found a large number of miRNAs altered as a consequence of EAE within each genotype. Nevertheless, when we focused on those involved in OPC differentiation and myelination (Table 4) , we found different expression patterns in TNFR2 fl/fl and CNP-cre:TNFR2 fl/fl mice. Two members of the miR-219 and miR-138 clusters, and miR-338 -5p, all required for oligodendrocyte differentiation (Dugas et al., 2010; Zhao et al., 2010; de Faria et al., 2012; Pusic and Kraig, 2015) , were downregulated in CNP-cre:TNFR2 fl/fl mice, but not in TNFR2 fl/fl controls, suggesting that oligodendroglial TNFR2 may be regulating OPC differentiation in disease conditions via modulation of these molecules. Similarly, miR-7a changed only in CNP-cre:TNFR2 fl/fl mice with significant downregulation after EAE. Since miR-7a showed the highest differential expression in naive conditions (Table 3) , we further investigated whether it played a direct role in the protective function of oligodendroglial TNFR2 in EAE. We quantified miR-7a expression in vivo by in situ hybridization in naive and 25 dpi EAE conditions, when the peak of the inflammatory response is over and the repair process is underway. In agreement with previous studies localizing miR-7a in the CNS mainly in OPCs (Zhao et al., 2012) , in the spinal cord white matter we found miR-7a to be almost exclusively expressed in PDGFR␣ ϩ OPCs (Fig. 7A) . The number of miR-7a ϩ cells in the intact white matter was significantly increased in CNP-cre:TNFR2 fl/fl mice compared with TNFR2 fl/fl controls in naive conditions (Fig. 7B) , mirroring the PCR array data (Table 3) . However, at 25 dpi EAE expression reversed, with a significant reduction in the number miR-7a ϩ cells in CNP-cre:TNFR2 fl/fl mice (Fig. 7B) . To better understand whether TNFR2 could be directly modulating miR-7a within the oligodendrocyte population during differentiation, we measured miR-7a expression by real-time PCR in OPCs and OLs from WT and TNFR2
Ϫ/Ϫ mice. Unlike the EAE condition in vivo where oligodendrocytes are exposed to a highly proinflammatory environment, in vitro we tested miR-7a expression in nonstimulated conditions. In WT cultures, miR-7a expression dropped as cells differentiated to the OL stage (Fig. 7C) . However, in the absence of TNFR2, miR-7a stayed elevated at the OL stage (Fig. 7C) and coincided with the failure of cell maturation (Fig. 6 H, I ). In line with the report by Zhao et al. (2012) showing that blockade of miR-7a in differentiating neural progenitors leads to reduced OL 4 (Figure legend continued. numbers, our data suggest that TNFR2 may drive OPC differentiation at least in part by repressing miR-7a function.
We also tested in vitro the expression of miR-138, which we found differentially regulated in our microRNA screening after EAE (Table 3) . miR-138 was significantly higher in TNFR2
OPCs compared with WT cells (Fig. 6C) . In differentiated OLs, expression was increased with no difference between WT and TNFR2 Ϫ/Ϫ cells (Fig. 7C ). This suggests that miR-138, an important signal in oligodendrocyte differentiation, is likely not regulated by TNFR2.
Discussion
Using new oligodendrocyte-specific TNFR2 conditional KO mice in combination with the solTNF inhibitor XPro1595, we demonstrate that TNFR2 expressed in the oligodendrocyte lineage contributes to tmTNF-mediated beneficial effects in EAE, providing the first direct in vivo evidence that oligodendroglial TNFR2 is protective in neuroimmune disease. We previously demonstrated that tmTNF signaling is necessary for functional recovery, axon preservation, and remyelination in EAE (Brambilla et al., 2011) , and here we address the molecular mechanisms of this effect by showing they depend, at least in part, on direct activation of TNFR2 in oligodendrocytes. Aside from a study by Arnett et al. (2001) in whole-animal TNFR2 Ϫ/Ϫ mice suggesting a protective role for TNFR2 in demyelination, and a study by Maier et al. (2013) reporting that the activation of TNFR2 in OPCs is protective against oxidative stress, the function of oligodendroglial TNFR2 is largely unknown. With the generation of CNP-cre:TNFR2 fl/fl mice, we were able to directly investigate the biological function of oligodendroglial TNFR2 both in normal and pathological conditions. Under naive conditions, ablation of TNFR2 did not alter oligodendrocyte cell number or impair locomotor function and spontaneous activity, indicating that TNFR2 is not implicated in the regulation of oligodendroglial function during development. After EAE, however, TNFR2 ablation resulted in a worsening of the clinical outcome that was not rescued by treatment with XPro1595. This indicates that tmTNFmediated beneficial effects require the presence of TNFR2 in oligodendrocytes. It also underscores that worsening of the EAE outcome in CNP-cre:TNFR2 fl/fl mice cannot simply be attributed to an "unmasking" of TNFR1 detrimental function. If that was the case, XPro1595 would be effective in protecting mice from EAE, because it selectively inhibits solTNF, which activates TNFR1.
In CNP-cre:TNFR2 fl/fl mice, EAE symptoms manifested earlier and were more severe than in control mice at chronic disease. This suggests that oligodendroglial TNFR2 likely contributes to protection from EAE via multiple mechanisms: it may serve as anti-inflammatory signal, hence affecting the onset of the disease; and may provide signals benefitting axon and myelin integrity, thereby affecting the chronic phase of the pathology. The notion that oligodendroglial TNFR2 may be implicated in suppressing the inflammatory response is supported by two lines of evidence: first, CNP-cre:TNFR2 fl/fl mice showed a higher percentage of infiltrating CD4 ϩ and CD8 ϩ T cells at peak disease; and, second, proinflammatory miRNAs were found to be upregulated in CNP-cre:TNFR2 fl/fl mice at the acute stage of disease. The most notable example is miR-326, which has been linked to MS and EAE pathogenesis as a promoter of Th17 differentiation (Du et al., 2009; Honardoost et al., 2014) . miR-326 has been found upregulated in the blood of patients undergoing relapse (Honardoost et al., 2014) and diminished after natalizumab treatment (Ingwersen et al., 2015) . Whether the anti-inflammatory effect of oligodendroglial TNFR2 occurs directly in oligodendrocytes or indirectly via other cell populations remains to be seen. Regardless, our data highlight that oligodendrocytes have functions that go beyond myelination, repair, and metabolic support of neurons, which is in tune with the roles of the other glial cell populations. TNFR2 activation in microglia has been shown to induce the production of the neuroprotective molecules granulocyte colony-stimulating factor, adrenomedullin, and IL-10 (Veroni et al., 2010). Hence, we can speculate that a similar mechanism may be at play in oligodendrocytes, and the reduced production of anti-inflammatory signals in CNP-cre:TNFR2 fl/fl mice may explain the greater influx of encephalitogenic T cells into the CNS. Ultimately, a better understanding of the role of oligodendroglial TNFR2 in inflammation is important to have a complete picture of the function of this receptor in neuroimmune disease, and this is the focus of ongoing studies in our laboratory.
In addition to an anti-inflammatory function, our data point to an effect of oligodendroglial TNFR2 in neuroprotection, myelin repair, and remyelination. Indeed, the ablation of TNFR2 in CNP-cre:TNFR2 fl/fl mice resulted in increased axonal loss and myelin damage, as well as reduced remyelination. The reduced g-ratios measured in CNP-cre:TNFR2 fl/fl mice indicate the presence of thicker myelin rings. Because it is unlikely that this depends on oligodendrocytes producing more myelin and wrapping more layers around the axons, it is plausible that thicker rings are the consequence of a loss of myelin compaction and/or axonal atrophy, suggesting that TNFR2 plays a role in the maintenance of myelin and axon integrity in disease conditions. In the absence of oligodendroglial TNFR2, the pool of OPCs was drastically depleted following EAE, and in vitro experiments demonstrated that TNFR2 is required for OPC differentiation. This is significant because efficient OPC differentiation is the prerequisite for repair in demyelinating pathologies (Kremer et al., 2015) . Failure of this process prevents remyelination, leading to axonal damage and ultimately to neuronal loss, which is the cause of permanent disability in MS. While reports have shown that TNFR2 in astrocytes (Patel et al., 2012; Fischer et al., 2014) may activate cascades that indirectly stimulate OPC differentiation, here we show for the first time that direct TNFR2 activation in OPCs is crucial in promoting differentiation, thereby sustaining the remyelination process. We did not observe a developmental impairment of OPC differentiation in vivo, because oligodendrocytes numbers were comparable in naive TNFR2
fl/fl and CNP-cre: TNFR2 fl/fl mice. This apparent contradiction with our in vitro data can be reconciled in two ways. First, CNP-cre mice allow for TNFR2 The cascades initiated by TNFR2 to drive differentiation include the modulation of miRNAs, such as miR-7a. It was recently reported that the overexpression of miR-7a in OPCs promotes proliferation and inhibits differentiation into a mature OL phenotype (Zhao et al., 2012) , and overexpression in retinal glial precursors reduces the differentiation of Müller glia (Baba et al., 2015) . Additionally, in adult rats it has been shown that miR-7a expression is downregulated in mature OLs compared with OPCs (Lau et al., 2008) . Our expression data, both from PCR array and in situ hybridization, show that in the absence of oligodendroglial TNFR2 miR-7a expression in the spinal cord white matter is elevated under naive conditions. Since we found almost exclusive expression of miR-7a in PDGFR␣ ϩ OPCs in the white matter, in agreement with previous reports (Zhao et al., 2012) , this suggests a direct regulation of miR-7a expression in OPCs by TNFR2. Furthermore, because we showed that OPCs and OLs do not change in numbers in naive conditions when TNFR2 is ablated, this suggests that TNFR2-dependent modulation of miR-7a in oligodendrocytes does not play a role during development. We could speculate that this mechanism might be important only after injury to the CNS, such as in EAE, when TNFR2 expression is upregulated in all glial populations, including oligodendrocytes. After EAE, the lack of oligodendroglial TNFR2 results in reduced numbers of miR-7a-expressing cells in the white matter (mostly OPCs). This may depend on the higher OPC loss seen in CNP-creTNFR2 fl/fl mice, but it may also be an adaptive response in an attempt to boost OPC differentiation to sustain the repair and remyelination process. In vitro, in noninflammatory conditions, we showed that the drop in miR-7a expression occurring when OPCs transition to OLs does not take place in the absence of TNFR2, demonstrating that TNFR2 directly regulates miR-7a. Nevertheless, we cannot exclude that oligodendroglial TNFR2 might also be modulating miR-7a expression indirectly.
In addition to miR-7a, others known to regulate oligodendrocyte differentiation were found to be dysregulated as a consequence of TNFR2 ablation, specifically members of the miR-219 and miR-138 clusters, as well as miR-338 -5p. All of these miRNAs are highly expressed in the spinal cord, and some are required for normal oli- godendrocyte differentiation and myelination in both rodents and humans (Dugas et al., 2010; Zhao et al., 2010; de Faria et al., 2012) . We found these molecules to be highly downregulated after EAE in CNP-cre:TNFR2 fl/fl mice, but not in TNFR2 fl/fl mice, providing yet another indication that TNFR2 is necessary for activating OPC differentiation programs without which remyelination cannot effectively take place.
In summary, our study provides the first direct evidence that TNFR2 is an important signal for oligodendrocyte differentiation. Following activation by tmTNF, TNFR2 initiates specific pathways, which include miRNA modulation, that drive oligodendrocytes into a reparative mode contributing to remyelination following disease, thereby preventing axonal loss and disability. This identifies TNFR2 as a viable new therapeutic target in neuroimmune disease. Selective TNFR2 agonists and selective solTNF inhibitors, which skew the balance toward TNFR2 activation, could be used separately or in combination to promote myelin repair. This may represent a new, much-needed pharmacological tool for the primary progressive form of MS where disability is directly dependent on irreparable axonal damage associated with demyelination and for which no effective treatments are available.
